Here, we demonstrate a compact photonic crystal wavelength demultiplexing device based on a diffraction compensation scheme with two orders of magnitude performance improvement over the conventional superprism structures reported to date. We show that the main problems of the conventional superprism-based wavelength demultiplexing devices can be overcome by combining the superprism effect with two other main properties of photonic crystals, i.e., negative diffraction and negative refraction. Here, a 4-channel optical demultiplexer with a channel spacing of 8 nm and cross-talk level of better than -6.5 dB is experimentally demonstrated using a 4500 μm 2 photonic crystal region. T. Baba, and T. 
Introduction
Interest toward compact optical wavelength demultiplexing (WD) devices has been constantly increasing in recent years due to their potential as building blocks for spectral analysis in "labon-a-chip" biosensing applications and integrated optical circuits for optical information processing and communications. These WD devices are used to separate several optical channels at different wavelengths with key features being compactness (small device size), high spectral resolution (separation of channels with small wavelength difference between adjacent channels), and low cross-talk (i.e., presence of unwanted channels at the location of the desired channel). Despite the high demand for such WD devices and extensive research for their implementation, compact WD devices with required properties for practical applications have not been realized yet. A main reason has been the lack of an appropriate optical material with high dispersive properties to allow for the formation of compact structures on a chip. Recently, photonic crystals (PCs) [1] [2] [3] , i.e., structures with periodic variations of refractive index (see Fig. 1(a) ), have been developed as a promising material system to overcome this shortcoming.
The demonstration of the superprism effect in PCs has been a major step towards realization of PC-based demultiplexers [4] [5] [6] . The superprism effect, caused by the dispersive properties of PCs, with an appropriately designed geometry, allows for separation of multiple wavelength channels with orders of magnitude improvement in the separation angles as compared to other on-chip techniques. Since its initial demonstration, extensive research has been focused on optimizing the superprism effect for forming practical on-chip PC-based WD devices, and some proof-of-concept experiments have been reported [7, 8] . However, careful evaluations have shown limited wavelength resolution for these devices [9] , and dramatic increase in the size of the structures (proportional to the fourth power of the number of channels [10] ), which restrict the realistic application of these demultiplexers. A main drawback in the conventional realization of the PC-based WD is the diffraction of the separated wavelength channels. The spatial broadening of these beams inside the PC calls for a large size (i.e., large propagation length) to achieve separation with reasonable cross-talk. Another (less critical) problem in conventional PC demultiplexers is the propagation of stray and unwanted light that propagate along with the separated channels resulting in added noise, especially in sensing applications.
Some improvements on the basic superprism configuration have been proposed [11] [12] [13] , but the feasibility of integration remains the major challenge for the proposed structures. The best experimental results for superprism-based demultiplexers reported to date show an isolation of 10 dB for only two channels 50 nm apart in wavelength using a 1250 μm 2 structure [8] . Another report demonstrates channel wavelength spacing of 20 nm but with less than 2 dB isolation in a 6300 μm 2 structure and for only two channels as well [7] . In this paper, we demonstrate a compact photonic crystal WD device with at least one order of magnitude performance improvement over the best structures reported to date. We show that the main problems of the conventional PC-based WD devices can be overcome by combining the superprism effect with two other main properties of PCs, i.e., negative diffraction and negative refraction (both studied extensively in separate contexts). Through detailed optimization of the PC structures we found PCs that can simultaneously demonstrate all these effects efficiently. The idea of diffraction compensation for efficient superprism devices has been proposed and investigated before [14] [15] [16] , but no experimental demonstration has been reported to date. The WD device presented in this paper is, to the best of our knowledge, the first experimental demonstration of a PC-based wavelength demultiplexer with compact size and acceptable cross-talk.
Principle of operation
The basic ideas of the three effects that are combined in our design are shown in Fig. 1 . Figure  1 (a) shows a typical planar PC fabricated by etching a two-dimensional (2D) array of air holes in Si. Figure 1(b) shows the superprism effect, in which the PC separates wavelength channels by directing them into different angles. Figure 1(c) shows the application of the negative diffraction property of PCs for diffraction compensation. Propagation of an optical beam in a PC with negative diffraction index compensates for the diffraction caused by propagation through a normal (i.e., positive diffraction index) material. This property has been used for imaging based on diffraction compensation [17, 18] , and it has been recently proposed to realize an open cavity geometry [19] . Another property of PCs (investigated in a different context) is the negative refraction at the PC interface (as shown in Fig. 1(d) ). This effect has also been studied for superlensing and imaging beyond the diffraction limit [20] [21] . As Fig.  1(d) shows, the desired signal is refracted away from the direction of the incident signal (causing the separation of the desired signal from stray signals).
The key contribution of the present paper is designing PC structures that simultaneously demonstrate these three effects to optimize the wavelength demultiplexing performance. Such PCs can be used to separate wavelength channels, focus the separated channels down to a small size while propagating through the PC, and at the same time divert the separated channel from the stray and unwanted signals. Our proposed structure is an example of dispersion engineering in PCs. In our approach, we start with the band structure of the PC calculated using the plane-wave expansion technique [22] and specify regions with different dispersive properties. The band structure of a planar square lattice PC in the form of constant frequency contours in the two-dimensional wavevector plane (i.e., k x -k y plane) is shown in Fig. 2 . A three-dimensional supercell plane wave expansion method is used to find these band structures. Different regions with desired features of the PC dispersion (i.e., superprism, negative refraction, and negative diffraction) are marked by different colors in Fig. 2 . In general, there is no guarantee for simultaneous presence of these three properties. However, by careful optimization of the geometry of the PC (i.e., lattice type, lattice constant, size of the holes, etc.), we found PC structures with this important feature.
An enabling tool for efficient analysis and optimization of PC dispersion is the PC effective index model that we have recently developed [18, 14] . Using this model, different orders of diffraction for propagation in a PC structure are represented by different orders of the local derivatives of the constant frequency contours (i.e., d n k l /dk t n , with k l and k t being the longitudinal and transverse wavevectors, respectively, defined with respect to the direction of propagation of the beam) in the band structure. For example, beam broadening (ordinary diffraction) is caused by the second order diffraction and thus positive or negative diffraction can be implemented by designing the PC with positive or negative The principle of operation of our proposed PC WD device is shown in Fig. 3 (a), which depicts an image of the fabricated PC-based WD in a Silicon-on-Insulator (SOI) substrate. Before entering into the PC region, the incident optical beam (with multiple channels) propagates (and diffracts) in the unpatterned Si. This propagation results in a second-order spectral phase term in the spatial spectrum of the beams (and therefore, broadening of the incident beam), which we will refer to as preconditioning. As the beams propagate through the PC, they experience three basic effects: superprism effect, negative diffraction, and negative refraction. Beams of different wavelengths propagate in different directions inside the PC (superprism effect), and at the same time, the second-order spectral phase term is decreased (since the PC second-order diffraction is opposite to that of unpatterned Si) until it completely vanishes at the output (diffraction compensation), retrieving a small spot size for the beams at the output ports. Using this scheme, the spatial separation needed inside the PC region can be of the order of the minimum spot size of the incident beams, which is much smaller than its broadened version obtained in a conventional superprism demultiplexer [10] . Analytical estimates based on the effective index model show that using this scheme, the required area of the structure to achieve efficient demultiplexing scales as N 2.5 (N being the
number of wavelength channels of the demultiplexer) [14] , compared to N 4 dependence in the conventional PC demultiplexers [23] . Finally, the negative refraction of the separated channels results in their separation from undesired light (noise, scattering, unwanted polarization, and out-of-range wavelengths) in the incident beam, thus reducing the overall noise level.
(a) (b) Fig. 2 . Calculated contours of constant frequency of the first TE-like modes in a planar square lattice photonic crystal (r/a = 0.25 on an SOI wafer) with one principal lattice direction (a) at 45-degrees with respect to the interface, and (b) parallel to the interface of the photonic crystal with incident region. Regions of band structure with different dispersion properties are marked as gray for negative diffraction (d 2 k l /dk t 2 < 0) [18] ; red for strong superprism effect (∂θ g /∂α > 50, where θ g is the angle of group velocity and α is the angle of incidence [10] ); blue for low third-order diffraction (small (∂n e /∂α, where n e is the effective diffraction index [18] ), and hatched for regions that cannot be excited from the input slab waveguide. The loci where these three colored regions overlap have strong superprism effect, negative diffraction, and negative refraction, simultaneously. Insets show SEM images of a portion of the PC structure at the input interface (bottom), and at the entrance to output waveguides (top) to show the details of the periodic structure. Beam propagation and spatial separation process are schematically shown for two channels (red and blue). The photonic crystal structure is a square lattice which is 45°-rotated with respect to the input interface of the PC.
A key condition for the optimization of the proposed WDs is the reduction of the role of the higher-order diffraction effects. Since the second-order dispersion is fully compensated in our proposed structure, the third-order diffraction (related to
) becomes the dominant factor in broadening the beams. To minimize the output beam size, we need to engineer the dispersion of the PC to have minimum third-order diffraction in addition to all three properties discussed before. Thus, the optimization criteria for the proposed preconditioned WD are different from those for the conventional superprism-based demultiplexers. We modified a recently proposed systematic technique for the optimization of the conventional superprismbased PC demultiplexer [23] by incorporating the condition for d 3 k l /dk l 3 in the preconditioned superprism WD devices [14] . Using this new criterion, we found that a rotated square lattice structure is in general the most suitable for preconditioned WD devices. The optimum Preconditioning region 100μm
Beam blocks Input waveguides Output waveguides operating point in this case lies on one of the symmetry directions of the lattice band structure where the third order diffraction vanishes due to the inherent symmetry of the structure. Another advantage of our proposed structure over previously reported structures is working in the first (TE-like) band of the PC (compared to previous reports that use PCs in their second band). It is known that coupling to leaky waves is considerably less if the operation is limited to the first band. Thus, we expect our proposed structure to have lower propagation loss compared to conventional PC-based WD devices assuming similar fabrication accuracy.
Characterization results
The optimal structure found by dispersion engineering of the PC according to the guidelines mentioned in the previous section was fabricated on a SOI wafer with 3 μm of SiO 2 sandwiched between a thick Si substrate and a 220 nm layer of Si (on top) covered by 50 nm of SiO 2 that is used as a hard-mask during the fabrication process. The 2D PC pattern is lithographically written on the top SiO 2 layer using a JEOL JBX-9300FS 100kV electron beam lithography system and then etched using a Plasma-Therm inductively coupled plasma (ICP) system with an optimal chlorine-based etch chemistry. Figure 3 shows the schematic view of the fabricated structure. Light is end-coupled into the structure through one of a series of 10.6 μm wide input waveguides each exciting the PC structure at a unique incident angle in the range of 13 to 17 degrees. The PC region (found through optimization) has a 45°-rotated square lattice geometry with a lattice constant of 367nm and with holes of 180nm in diameter, as shown in the inset of Fig. 3 . The propagation through the 1100 μm long unpatterned Si region (schematically shown in Fig. 3 ) preconditions the beam with positive second order phase. Beam blocks are used at the entrance of the PC region to limit the spatial-spectral content of the input beam (i.e., to spatially filter out some of the higher-order beams that are excited by higher order modes of the multimode input waveguide) and also to prevent stray incident light from reaching the output end. The output light of the PC region is coupled into an array of 5 μm wide waveguides (1 μm distance between neighboring waveguides) to obtain better spatial resolution (note that the size of beam for each wavelength channel is around 11 μm at the output). The spatial extent of light in each wavelength channel in the PC demultiplexer output corresponds to two output waveguides. Each output waveguide is tapered down to 2 μm at the output end of the devices. Two of the wavelength channels are schematically shown on Fig. 3 as red and blue curves.
In our measurement setup, shown in Fig. 4 , a tunable laser (81680A from Agilent Technologies, covering 1460 nm to 1580 nm wavelength range) is coupled to a graded refractive index (GRIN) fiber lens and the collimated beam is directed through a broadband polarizer to assure the right polarization of input beam. A 40x objective lens is used to endcouple the light into one of the input waveguides of the devices. An infrared (IR) camera connected to a long working distance microscope is used to monitor the coupling to the input waveguide from the top. The output edge of the device is imaged using a 20x objective lens on another IR camera. Half of the output light intensity is directed to an IR detector (New Focus #2033 with 30 kHz bandwidth) by a broadband beam splitter, which is connected to a lock-in amplifier (Stanford Research Systems, SR830) with a modulation frequency of 20 kHz to enhance the signal-to-noise ratio of the measurement. Figure 5 (a) shows the image of the output waveguides at four discrete wavelengths with input in TE-like polarization (electric field parallel to the plane of periodicity). Good separation of these wavelength channels can be clearly seen in Fig. 5(a) . In addition, the desired small spot from diffraction compensation effect is evident from this figure (note that the size of the input beam at the entrance to the PC region is around 60μm). Another evidence for dramatic minimization of the output spot size comes from the comparison of the focusing TE-like beams with TM-like beams for which neither the superprism effect nor the diffraction compensation occur. In Fig. 5(b) , we show the measured output distributions for TM-like polarization for the same set of wavelengths used in Fig. 5(a) . It can be easily seen that the overall output beam profiles of all TM-like channels are very broad, covering more than 10 output waveguides. Comparing Figs. 5(a) and (b), the effect of negative diffraction in refocusing the TE-like polarization beams at the output end is evident. Also, it can be clearly observed that by designing the device in the negative refraction regime for TE polarization, the unwanted polarization (TM) is successfully isolated from the desired signals (i.e. all TM signals in the wavelength range of operation appear in a separate set of output waveguides). In order to measure the power in each output waveguide, a pinhole in the far-field of the device output is used to select only a single waveguide and to reduce the scattered light from the background.
The normalized measured power for four of the output waveguides at 15° incident angle from the input waveguide are shown in Fig. 6(a) . Four channels are separated in this device with a wavelength spacing of 8nm, and channel isolations (sum of contributions of other channels at the location of the desired one) are better than 6.5dB. This is to the best of our knowledge the first demonstration of an integrated superprism-based demultiplexing device with such channel separation in a 4500 μm 2 (i.e., 50μm×90μm) PC structure. Using the same scheme, a 64-channel demultiplexer with channel spacing of 0.5 nm can be realized in a 4 mm 2 PC structure. Another advantage of the preconditioned PC demultiplexers over the conventional ones is the low sensitivity to the divergence angle of the incident beams [14] . In conventional structures, the incident beam has to be highly collimated for proper operation since the divergence angle of the beam directly determines the broadening of the beam inside the structure that in turn determines the requirement for spatial separation. In preconditioned PC demultiplexers, however, the second-order diffraction is eliminated throughout the structure, and the divergence angle of the input beam only has to be small enough to avoid excessive broadening caused by the higher-order effects (which are much weaker than the second-order effect). Analytical derivations [14] show that the required divergence angle of the preconditioned PC demultiplexers scales as N -1/2 (N is the number of demultiplexing channels), as opposed to N -1 dependence in conventional PC demultiplexers [10] . Noting that small divergence angles require highly collimated beams that are hard to achieve in an integrated platform, this is a significant improvement from a practical point of view for realizing an integrated demultiplexer working at high resolution. Finally, our proposed device focuses all the power of each channel in its corresponding region (i.e., output waveguide) with minimal presence of the signal from other channels as shown in Fig. 3 . This is a major advantage of our WD device over implementations that rely on heavily reducing the throughput for improving cross-talk as done in Ref. [24] . Note that in general, the power level for different channels is not uniform (1.5 dB variation over the channels is shown in Fig. 6 ) due to either the wavelength-dependent intrinsic loss of the PC, wavelength-dependent nonuniformity in excitation, or quality of endface of output waveguides corresponding to different channels. Note also that for the fourth channel (at 1563 nm in Fig. 6 ) the focusing is not as good as the other channels. Possible reasons for the side-lobe appearing on one side of the spectrum (visible on the two channels on the right in Fig. 6(b) ) are distortion in the incident beam and diffraction effects from beam blocks at the entrance to the PC region, and residual third-order spatial diffraction effects (possibly caused by imperfections in fabrication that deviate the fabricated structure from the optimum operation point with low spatial dispersion effects). The total insertion loss for the sample demonstrated in this paper is estimated to be 13 dB by comparing the output power level to that of a straight ridge waveguide on the same substrate. Note that a large portion of this loss (approximately 6 dB) is due to the multimode nature of the input waveguide and can be considerably reduced by using a tapered input waveguide. We are considering further improvement in the excitation configuration as well as optimization of the geometry of the PC to enhance the performance of the device. The preconditioning region in Fig. 3 is chosen to be an unpatterned Si slab for simplicity of demonstration. In a practical device, this region will also be designed with PCs with positive index of diffraction to further reduce the size.
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Conclusion
We have demonstrated here a compact photonic crystal wavelength demultiplexing device by simultaneously combining three unique dispersion properties of photonic crystals (superprism effect, negative refraction, and diffraction compensation) to achieve the best experimental onchip demultiplexing performance reported to date. Compared to the conventional implementation, the new preconditioned superprism-based photonic crystal demultiplexers are more compact and have a less-demanding requirement for the divergence angle of the incident beam. Due to much slower increase of the size of the preconditioned demultiplexer with the number of wavelength channels (N) compared to the conventional implementation (N 2.5 instead of N 4 variation), we expect the size of the preconditioned structure to be several orders of magnitude smaller than that of the conventional devices for practical wavelength resolutions and numbers of channel. Thus, this new implementation opens up many possibilities for applications including compact spectrometers (for sensing applications) and WD for communication systems. 
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